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INTRODUCTION

HZETRN (High charge (Z) and Energy TRaNsport) is NASA’s primary space radiation
transport code

Primary engine behind OLTARIS (On-Line Tool for the Assessment of Radiation In Space)

HZETRN is very fast, deterministic code capable of efficient analysis of a wide variety of
human space mission scenarios

Extensively benchmarked against the majority of the world’s other radiation transport
codes - agrees with world codes as well as they agree with each other

Many nuclear physics codes (DDFRG, NUCFRG, EMDFRG, RAADFRG, NUCDAT) have
been developed “in-house” in order to enable fast & efficient calculations with HZETRN

3DHZETRN is the most recent development, which is fully 3-dimensional (3D)

Light ions & neutrons account for large fraction of radiation dose received by astronauts
- Because they are light, they scatter at large angles and require a 3D treatment

DDFRG (Double-Differential FRaGmentation) is a new nuclear physics code which
calculates double-differential cross sections for light ion (1,2,3H, 3,4He) production
- Provides closed-form, analytic formulas - highly efficient
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INTRODUCTION - REFERENCES

1 Double-Differential FRaGmentation (DDFRG) models for proton and light ion production in
high energy nuclear collisions
J. Norbury
Nuclear Instruments & Methods in Physics Research A, vol. 986, p. 164681, 2021

2 Light ion double-differential cross section parameterizations and results from the SHIELD
transport code
J. Norbury, L. Latysheva, N. Sobolevsky
Nuclear Instruments & Methods in Physics Research A, vol. 947, p. 162576, 2019

3 Double-Differential FRaGmentation (DDFRG) models for proton and light ion production in
high energy nuclear collisions valid for both small and large angles
J. Norbury
NASA Technical Publication 2020-5001740 http://ntrs.nasa.gov/

4 Light ion double-differential cross sections for space radiation
J. Norbury
NASA Technical Publication 2018-220077 http://ntrs.nasa.gov/
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PROTON MODEL

Thermal proton production model
- Protons being produced from 4 separate sources:
- Projectile, Target, Central fireball, Direct projectile knockout

PROTON THERMAL MODEL FOR each SOURCE

E
d3σ

dp3 = N e−T/Θ

N determined from requirement that integral of double differential
cross section gives total cross section σ
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PROTON MODEL

In terms of total 3-momentum and angle variables (pjL, θjL) the
final thermal plus direct knockout model is

DDFRG PROTON THERMAL MODEL

E
d3σ

dp3
(pjL, θjL) =

σ

4πm
{exp[−(γPL

√
p2

jL + m2 − γPL βPL pjL cos θjL − m)/ΘP ]

+ exp[−(γCL

√
p2

jL + m2 − γCL βCL pjL cos θjL − m)/ΘC ]

+ exp[−(γT L

√
p2

jL + m2 − γT L βT L pjL cos θjL − m)/ΘT ]

+w(p)
D exp[−(γPL

√
p2

jL + m2 − γPL βPL pjL cos θjL − m)/ΘD ]}

×
{

ΘPem/ΘP K1(m/ΘP ) + ΘCem/ΘCK1(m/ΘC) + ΘT em/ΘT K1(m/ΘT ) + w(p)
D ΘDem/ΘDK1(m/ΘD)

}−1

Can be analytically integrated to give closed form analytic formula
for dσ

dE (see References)
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ p
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DDFRG model agrees well with data, but some differences
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ p
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ p
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ p
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COALESCENCE SCALING

Comparisons of double-differential cross section data between
proton production and light ion production show that light ion data
is very well represented by scaling proton data, assuming that
light ions are produced via coalescence

Comparisons done only using experimental proton data versus
light ion data - no theoretical model used in comparing proton data
to light ion data, except for simple scaling of proton data as

COALESCENCE MODEL

EA
d3σA

dp3
A

= CA

(
Ep

d3σp

dp3
p

)A

, pA ≡ App and EA ≡ AEp

CA ≡ coalescence coefficient
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LARGE ANGLE SCALING
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LARGE ANGLE SCALING - GEV/N
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LARGE ANGLE SCALING
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Proton data is scaled and then agrees very well with light ion data
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LARGE ANGLE SCALING
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ANDERSON SMALL ANGLE DATA

Data looks nothing like previous large angle data of Nagamiya
- now a giant peak!

Coalescence scaling fails!
- at the smallest angles, but OK when angles increase
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SMALL ANGLE SCALING 1.05 GeV/n C + C→ d
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Proton data is scaled and then agrees with large angle light ion data, but not small angle
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SMALL ANGLE SCALING 1.05 GeV/n C + C→ α
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Proton data is scaled and then agrees with large angle light ion data, but not small angle
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LIGHT ION MODEL

Empirical relation between proton & light ion data implies not
necessary for separate theoretical model for light ion production

One only requires a model for proton production

If proton model compares well to data, then scaled proton model
will automatically compare well to light ion data

Light ion model is obtained simply by scaling the proton model

And this works for all composite light ions

Separate light ion model not required

However, the light ion model is not obtained without some effort
To demonstrate scaling of the experimental data, one typically uses
a fitted coalescence coefficient, CA for each light ion
To develop a fully predictive model, this coefficient must be
calculated with theoretical model developed separately
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LIGHT ION MODEL

EA
d3σA

dp3
A

= CA

{
w(A)
P

[
E

d3σ

dp3
(pjL, θjL)

]
P

+ w(A)
C

[
E

d3σ

dp3
(pjL, θjL)

]
C

+

[
E

d3σ

dp3
(pjL, θjL)

]
T

+ w(A)
D

[
E

d3σ

dp3
(pjL, θjL)

]
D

}A

Complicated algebraic expression when expanded out and written
in terms of σ and Lorentz transformed to lab frame variables

Left hand side is DD cross section for light ion production

Right hand side contains DD cross sections for proton production

Modified “coalescence” model
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LIGHT ION MODEL

THERMAL / COALESCENCE MODEL FOR LIGHT ION PRODUCTION

methods of reference [12], the new normalization becomes

N4 =
σp

4πmp

[
ΘP e

mp
ΘP K1

(
mp

ΘP

)
+ ΘC e

mp
ΘC K1

(
mp

ΘC

) ]

[
+ ΘT e

mp
ΘT K1

(
mp

ΘT

)
+ w

(p)
D ΘD e

mp
ΘD K1

(
mp

ΘD

)]−1

. (16)

Equations (14) and (16) represent the final 4-source thermal proton model in terms of lab
variables, and correctly normalized so that the integral of the Lorentz-invariant differential
cross-section gives the total cross-section.

3.2 New light ion hybrid coalescence model

The results of Section 2 clearly showed that fragment cross-sections produced at small
angles for heavy projectiles do not obey the simple scaling behavior as predicted in the co-
alescence model. Nevertheless, a hybrid scaling model can still be developed. Auble et al.
[27] were among the first to show that fragment cross-sections could be described by mul-
tiple sources, although they considered only the two fireball and projectile sources. They
also used scaling, but weighted each contribution to scaling differently, which required the
use of more adjustable parameters. Neutron production work [15, 22, 23, 24, 25, 26], also
made use of different adjustable parameter weight factors for each source.

3.2.1 (ppL, θpL) variables

The new hybrid scaling model is (with pA ≡ App and EA ≡ AEp)
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, (17)

This equation is very similar to the coalescence scaling model in equations (1) and (5),
except that now adjustable weighting factors w are used for all sources. This is why it
is called a hybrid coalescence model. Substituting equation (14) into (17) gives the final
result for the light ion hybrid scaling model in terms of (ppL, θpL) variables
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Can be analytically integrated (for A = 2,3,4) to give closed form
analytic formula for dσ

dE (see References)
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ d
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DDFRG model agrees well with data, but some differences
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ t
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DDFRG model agrees well with data, but some differences
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ α
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DDFRG model agrees with 15◦data, but differences at larger angles
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SMALL ANGLE DDFRG 1.05 GeV/n α + C→ p, d, t, h
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DDFRG model agrees well with data, but some differences
JOHN NORBURY (NASA LANGLEY) CROSS SECTION MEASUREMENTS MARCH 1, 2022 25 / 33



SMALL ANGLE DDFRG 1.05 GeV/n C + C→ d
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ d
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ t, h
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ t, h
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ α
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ α
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DDFRG model agrees well with data, but some differences
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SUMMARY, CONCLUSIONS & FUTURE WORK

Proton production
3 thermal sources (Projectile, Target, Central fireball)
1 direct source - accounts for quasielastic peak at beam rapidity

Light ion production
Modified coalescence model

DDFRG
Proton & Light ion double differential nuclear fragmentation model
2000 data points
Large & small angles

Issues
15 parameters
Limited data comparisons - need more light ion projectile data

Future work
Pions
Neutrons
Electromagnetic dissociation
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THE END

john.w.norbury@nasa.gov

JOHN NORBURY (NASA LANGLEY) CROSS SECTION MEASUREMENTS MARCH 1, 2022 33 / 33


	Introduction
	Proton model
	Coalescence Scaling
	Light ion model
	Summary, Conclusions & Future work

